Tris(2-methyl-8-quinolinolato)iron(III) was proposed as a sensitive spectrophotometric silanol-detecting probe based on the coordination ability of silanol groups on the surface of octadecylsylanized silica gel (ODS silica gel) for reversedphase high-performance liquid chromatography. A peak of the iron(III) complex on a chromatogram abruptly collapsed as the silanol content in an ODS column increased, indicating that the iron(III) complex could sense trace amounts of silanol groups. The change of the peak parameters, such as the peak height and the peak area was highly related to the output of some nitrogen-containing compounds used as silanol-detecting probes as a function of the silanol content in an ODS column. The response of the peak height of the iron(III) complex to the silanol content was much more sensitive than the response of the nitrogen-containing probes, and was comparable to that of tris(2-methyl-8-quinolinolato)gallium(III), which had been proposed as a fluorometric silanol-detecting probe based on the coordination ability of the silanol groups.
Introduction
Silica-based supporting gels have been commonly used as column packings for reversed-phase high-performance liquid chromatography (RP-HPLC) because they have several attractive versatile properties, such as mechanical toughness, ease of chemical modification, high separation efficiency, and reproducibility. [1] [2] [3] [4] [5] [6] [7] [8] [9] The silica-gel supports, however, intrinsically have drawbacks due to the residual silanol groups on the surface of the gel, the so-called "silanol effects", which cause peak tailing and an irreversible adsorption of analytes. 3, 10 To estimate the silanol effects in practical ODS columns, numerous tests have been proposed to evaluate the silanol activity on the surface of silica-based ODS (octadecylsilyl) packing materials. 5, 7, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Most of the probe compounds used for evaluating the silanol activity were small molecules containing nitrogen atoms, such as p-ethylaniline, 17, 18 caffeine, 19 benzylamine, 19 aniline, 20 and so on. 23 Nitrogen atoms in these probe compounds interact with silanol groups through the ionexchange or hydrogen-bonding ability of the silanol groups.
Recently, we proposed a new type of silanol-detecting probe, tris(2-methyl-8-quinolinolato)gallium(III), which responded to silanol groups through a coordination interaction. 24 The gallium(III) complex can sensitively distinguish trace amounts of the silanol groups that the nitrogen-containing probes can never detect. The gallium(III) complex, however, required fluorometric detection for selective monitoring without any interference from the ligand molecules added into the eluent to suppress the dissociation of the complex. Compared with spectrophotometric detectors, fluorometric detectors are less popular in HPLC, which can be a barrier in practical applications of fluorometric detection.
In this paper, we introduce tris(2-methyl-8-quinolinolato)iron(III) as an alternative probe for the spectrophotometric detection of silanol groups in ODS columns to overcome the lower popularity of fluorescent detection. In previous papers, 25, 26 we reported that the iron(III) complex not only gave a similar response to tris(2-methyl-8-quinolinolato)gallium(III) for silanol groups, but also showed a wide visible absorption band, which enabled detection of the complex without any interference from the ligand added into the eluent of the iron(III) complex, even with the spectrophotometric detection. 26 Here, we describe a comparison of the iron(III) complex with some silanol-detecting tests using nitrogen-containing compounds, which shows that the iron(III) complex works as a sensitive silanol-detecting probe as well as tris(2-methyl-8-quinolinolato)gallium(III).
Experimental

Apparatus
The HPLC system used consisted of a Hitachi L-6000 pump (Tokyo, Japan), a Hitachi L-4200 UV-Vis detector, a Rheodyne 7125 loop injector equipped with a 20 mm 3 sample loop, a Shimadzu (Kyoto, Japan) CTO-10 Asvp column oven and a Shimadzu R1231 recorder.
Reagents
2-Methyl-8-quinolinol was obtained from Kanto Chemical (Tokyo, Japan) and recrystallized from methanol. A standard solution (0.01000 mol dm -3 in 0.10 mol dm -3 of nitric acid) of iron(III) was prepared from the nitrate and standardized by complex titration with ethylenediaminetetraacetate. Methanol and acetonitrile were purified by distillation. Buffer solutions for the silanol tests were prepared from sodium dihydrogenphosphate and sodium hydroxide. Distilled and deionized water was further purified using a Millipore Milli-Q system. All other chemicals were of analytical reagent grade. Table 1 summarizes the features of the investigated commercially available ODS columns. Mightysil RP-18 GP (endcapped ODS silica gel; particle size, 4.4 µm; relative surface area, 342 m 2 g -1 ; carbon load, 21.4%) and Mightysil RP-18 NC (non-endcapped ODS silica gel; particle size, 4.4 µm; relative surface area, 341 m 2 g -1 ; carbon load, 21.2%) packing materials were kindly donated by Kanto Chemical. The silanolamount controlled columns were prepared in the same way as reported in a previous paper. 24 Preparation of complex solutions 
HPLC conditions
The eluent used was methanol-water (76:24 w/w) contaning 6.0 × 10 -4 mol kg -1 2-methyl-8-quinolinol and 2.4 × 10 -2 mol kg -1 hexamethylenetetramine (pH 6.0). The column oven temperature was kept at 40˚C and the flow rate was 0.8 cm 3 min -1 . The elution of tris(2-methyl-8-quinolinolato)iron(III) was monitored at 560 nm spectrophotometrically.
Silanol tests
We used two silanol tests, Tanaka 1 test (T1) 19 and Tanaka 2 test (T2), 19 using nitrogen-containing molecules for a comparison. The probes, eluents and outputs of the T1 and T2 tests are summarized in Table 2 .
Results and Discussion
Detection of iron(III) complex
As described earlier, 24 tris(2-methyl-8-quinolinolato)iron(III) is an alternative complex for a spectrophotometric silanoldetecting probe based on the coordination ability of silanol. The iron(III) complex possesses a wide absorption band at around 560 nm, where 2-methy-8-quinolinol and most of its heavy-metal complex do not have the absorption band. Therefore, if we monitor the absorption at 560 nm, we can avoid the interference of any excess of ligand added in the eluent to suppress the dissociation of the complex as well as avoiding the interference of the ligand with fluorescent detection in the case of the gallium(III) complex. 26 The concentration of 2-methyl-8-quinolinol in the eluent used did not influence the retention time of the iron(III) complex. 2-Methyl-8-quinolinol in the stationary phase can be easily removed by rinsing with methanol, followed by a diluted acetic acid solution.
Alteration of peak profile of iron(III) complex
We prepared and used silanol-controlled columns that contained a fully endcapped ODS material (Mightysil RP-18GP) and non-endcapped ODS material (Mightysil RP-18NC). The silanol amount could be easily controlled by weighing and mixing both ODS materials. The silanol-controlled columns could be successfully used for an investigation of tris(2-methyl-8-quinolinolato)gallium(III) as a silanol probe.
26 Figure 1 shows chromatograms of the iron(III) complex with the silanol-amount controlled columns, in which the ratio of the endcapped ODS material (Mightysil RP-18GP) and nonendcapped ODS material (Mightysil RP-18NC) was controlled. As the content of the non-endcapped ODS material increased, the peak height and the peak area of the iron(III) complex decreased and elution of the peak delayed. The changes in the peak parameters of the iron(III) complex are summarized in Table 3 . Here, we used an asymmetry factor measured at 50% ; detection wavelength, 254 nm; and column oven temperature, 40˚C.
of the peak height instead of that measured at 5% or 10% of the peak height to avoid any interference from the baseline fluctuation. Mostly, asymmetry factors at 50% of the peak height of the peaks of the iron(III) complex without severe tailing were similar to those at 5% or 10% of the peak height, indicating that the asymmetry factors at 50% of the peak height could work to represent the peak asymmetry. While the peak height and the peak area responded sensitively to the mixing ratios of the ODS packings, the asymmetry factor did not. The response of the iron(III) complex to silanol groups is ascribed to the strong interaction between the silanol groups and the iron(III) complex as that of the gallium(III) complex. 24 Due to the interaction between the iron(III) complex and the silanol group on the surface of ODS silica gel, the iron(III) complexes were retained firmly, resulting in a delay of the elution of the complex. Figure 2 shows the peak area of the iron(III) complex as a function of the content of the non-endcapped ODS material.
Since the peak area of the iron(III) complex corresponds to the concentration of the complex, the decrease in the peak area of the complex is due to firm adsorption of the complex onto the stationary phase. On the other hand, the peak area of tris(8-quinolinolato)iron(III), which is an analogue of the iron(III) complex, was not influenced by the content of the nonendcapped ODS material. therefore, to normalize the peak area of the iron(III) complex with tris(8-quinolinolato)iron(III) so as to avoid any unexpected effect due to a change of the column performance.
The interaction between the iron(III) complex and the silanol group was investigated spectrophotometrically. Figure 3 illustrates the spectral change of the iron(III) complex solution, into which silica gel was added. As the amount of silica gel increased, the whole spectrum of the iron(III) complex decreased, indicating that the iron(III) complex adsorbed onto the silanol group. Since no isobestic points could be observed in Fig. 3 , the ligand exchange reaction of the silanol group with the iron(III) complex could not be ascertained. To prove the ligand-exchange reaction, we determined the composition of the iron(III) complex adsorbed on the silanol group by atomic absorption spectrometry and spectrophotometry. (Data are not shown here.) The obtained composition of the adsorbed iron(III) complex was 1:1 (metal to ligand), indicating that the iron(III) complex released two 2-methyl-8-quinolinol ligands when it was adsorbed, as expressed by
Here, Q represents deprotonated 2-methyl-8-quinolinol. Since the interaction of the silanol groups with the iron(III) complex was based on the coordination ability of the silanol group, the nitrogen-containing hydrophobic compounds, such as alkylammonium ion and protein, which strongly adsorbed onto ODS surface and interfered the ion-exchange ability or hydrogen-bonding ability of the silanol groups, did not obstruct the sensitivity of the iron(III) complex. The only potential compounds to obstruct the silanol sensing with the iron(III) complex are some hydrophobic chelating agents, which have a strong coordination ability and high adsorptivity on to ODS surface. It is, however, rare to practically analyze hydrophobic chelating agents. The irreversible and unexpected adsorption of analytes also might cause a distortion of the peak of the iron(III) complex through degeneration of the column performance. The effect of the degeneration can be cancelled with the normalization of the detected peak area of the iron(III) complex.
Comparison of silanol tests using nitrogen-containing compounds
To evaluate the performance of the iron(III) complex as a silanol-detecting probe, the peak parameters of the iron(III) complex were compared with the silanol activities of the T1 19 and T2 19 tests, which used nitrogen-containing compounds as probes. Although we also examined other popular silanol tests, Engelhardt, 17, 18 Galushko, 20 and Walters 23 tests, these tests are not sensitive to the silanol content in the silanol-controlled columns. Especially, the fluctuation of the output of the Engelhardt test was too severe to evaluate the silanol effects.
The peak area and the peak height of the iron(III) complex were compared with the outputs of T1 and T2. Figure 4 depicts plots of the peak height of the iron(III) complex versus the outputs of T1 and T2, respectively. Although the plots between the peak height of the iron(III) complex and the output of T1 and T2 tests are not linear, the distinct relationships indicate that the iron(III) complex can be an alternative silanol probe, as well as the gallium(III) complex. 26 A drastic decrease in the peak height of the iron(III) complex with an increase of the outputs of the T1 and T2 tests indicates the high sensitivity of the iron(III) complex. We compared the sensitivity of the iron(III) complex with that of the gallium(III) complex 26 in terms of a comparison of the outputs of the T1 and T2 tests, and found that the gallium(III) complex was more sensitive than the iron(III) complex.
Application to commercially available ODS columns
The applicability of the iron(III) complex as a silanoldetecting probe was checked with commercially available ODS columns. Typical chromatograms of the iron(III) complex obtained with some ODS columns are shown in Fig. 5 . The obtained results were similar to those of tris(2-methyl-8-quinolinolato)gallium(III). As can be seen in Fig. 5 , each ODS column individually gave a different peak shape of the iron(III) complex, owing to its inherent silanol content. Since the iron(III) complex was firmly retained on the stationary phase on column No. 9, the remarkably broadened peak of the iron(III) complex could not be distinguished from the baseline any longer. The No. 6 and No. 7 columns gave similar results to that obtained with the No. 9 column. Table 4 summarizes the outputs of the silanol tests using the nitrogen-containing compounds and the peak parameters of the iron(III) complex in the commercially available ODS columns. As an indicator of the silanol groups, the peak height of the iron(III) complex was superior to other parameters of the peak profile as an output for detecting a silanol group, as found for the gallium(III) complex. 26 Accurate peak areas of the iron(III) ; silica gel, 80 -100 mesh (column chromatography grade). Fig. 4 Plots of the peak height of tris(2-methyl-8-quinolinolato)iron(III) vs. the outputs of T1 and T2 tests. T1, A; T2, S.
complex could not be estimated for most of the commercial columns, since it was quite difficult to distinguish the distorted or broadened peak of the complex from a baseline. The inaccuracy of the measured peak areas accounts for the bad correlation between the peak height and the area, as shown in Table 4 . The comparison between the outputs of the silanol tests using the nitrogen-containing compounds and the peak height of the iron(III) complex also indicates the sensitivity of the iron(III) complex. Because the detection of the silanol groups with the iron(III) complex is very sensitive, the method can be applied for the degradation of a practical ODS column in daily use. A comparison of the peak of column No. 1 with that of column No. 2 clearly indicates the usefulness of the iron(III) complex for monitoring the degradation of ODS columns. In contrast, there were no meaningful differences in the outputs of the T1 and T2 tests between column No. 1 and column No. 2. We also investigated the elution of the iron(III) complex with a polymer gel having octadecayl groups, TSK gel Octadecyl 4-PW (Tosoh, Japan) for a comparison of the supports. The polymer gel gave a good peak of the iron(III) complex because of no silanol groups in the gel.
Conclusion
It was demonstrated with tris(2-methyl-8-quinolinolato)iron(III) that the coordination ability of the silanol group would provide a new strategy for sensing trace amounts of the residual silanol groups on the endcapped ODS packings. The response of the peak height of tris(2-methyl-8-quinolinolato)iron(III) is well related to the outputs of the silanol tests using nitrogencontaining molecules as probes (Tanaka 1 and Tanaka 2 tests), indicating that the iron(III) complex could be used as a newtype of silanol-detecting probe. The response of the iron(III) complex was much more sensitive than the Tanaka 1 and Tanaka 2 tests, which were representative silanol tests. The highly sensitive response would introduce the iron(III) complex to the potential and practical probe to evaluate the existence of a trace amount of silanol groups in a manufactured ODS column. This would encourage column manufactures to develop more high-performed ODS columns whose silanol groups are well end-capped. a. Estimated at 50% of peak height. b. N.D. denotes "No peaks of the complex were detected".
